In addition to their role in stratospheric chemistry ([@r1]), the importance of halogens in tropospheric chemistry first emerged from the observation of sudden decreases in surface ozone in the Arctic during spring ([@r2]). More recently, the pervasive impact of halogens on tropospheric ozone over the open ocean was identified ([@r3], [@r4]). The majority of halogen-related surface ozone destruction is attributable to iodine chemistry, which is calculated to decrease the global tropospheric O~3~ burden by ∼9% and up to 45% regionally ([@r5][@r6][@r7]--[@r8]). Iodine is also a direct major public health issue; iodine deficiency occurs in many parts of the world, with the severest effects including endemic goiter and irreversible mental retardation. Atmospheric deposition through precipitation and dry deposition is the main contributor of terrestrial iodine and thus may directly determine the prevalence of iodine deficiency disorders ([@r9]). In its last review, the World Health Organization ([@r10]) concluded that iodine deficiency remains a significant public health problem in Europe, with the populations of 11 countries, including France and Italy, and some regions of Spain, having insufficient iodine. Reconstructing the past iodine content of precipitation in the Alps is therefore of particular interest.

For several decades, the main source of iodine was considered to be oceanic emission of volatile halogenated organic compounds (CH~3~I, CH~2~I~2~, CH~2~ICl, and CH~2~IBr) ([@r11][@r12]--[@r13]). More recently, laboratory studies established that hypoiodous acid (HOI) and molecular iodine (I~2~) are emitted from ocean waters following the reaction of O~3~ with iodide (I^−^) at the air−sea interface ([@r14]). Using parameterizations of the air−sea flux of inorganic iodine, models show that this sea surface source represents around 75% of total iodine emissions ([@r5], [@r15]).

Inorganic iodine emissions are thus likely to have increased in response to enhancement of surface O~3~ levels resulting from anthropogenic activities. However, ozone observations made before 1950 are highly uncertain ([@r16]), and, between the 1950s and the 1990s, the O~3~ observational network was still relatively incomplete. Model simulations tend to underestimate the observed increase in surface ozone in this period by a factor of 2 ([@r17]).

Once emitted into the atmosphere, iodine species are rapidly photolyzed into I atoms that react with O~3~ to produce IO. In addition to IO self-reactions producing higher oxides (I~2~O~x~), IO reacts with HO~2~, forming back HOI, or reacts with NO~2~ to produce IONO~2~ ([@r18]). Model simulations indicate that, in the free troposphere, HOI is the dominant inorganic iodine (I~y~) species (70%), followed by IO and IONO~2~ ([@r5], [@r15]). Whereas IONO~2~ is very water-soluble \[assumed Henry's law constant (H) of ∞; ref. [@r19]\], HOI is much less soluble in water (H = \>415 M⋅atm^−1^ at 298 K; ref. [@r19]).

While laboratory and modeling studies have indicated that the dominant source of atmospheric iodine is the emission of HOI and I~2~ from the surface ocean following ozone deposition ([@r14]), the strength of this source and its past variability remain poorly quantified. Uncertainties relate to (*i*) ozone changes over the ocean since preindustrial (PI) times, (*ii*) the concentration of iodide in the surface ocean, and (*iii*) understanding and parameterizations of the HOI and I~2~ flux, all of which suffer from a lack of observational constraints. Finally, there are far greater uncertainties in iodine chemistry than bromine, in particular, rates and products of heterogeneous reactions on aerosol and the photolysis of higher oxide iodine species ([@r18]).

Chemical records of species trapped in snow deposited on cold glaciers provide a unique and powerful way to reconstruct past atmospheric chemistry changes ([@r20]). Cold low-latitude glaciers are nearly nonexistent, however, and, to date, ice core iodine records have been developed only from polar ice cores extracted where the halogen chemistry is dominated by local sea ice-related photochemical and biological mechanisms that produce both bromine and iodine ([@r21], [@r22]). Due to low net surface snow accumulation rates, polar ice cores also may suffer from significant remobilization and loss after snow deposition of volatile iodine species such as HOI. It has also been shown that iodine can escape from firn, a porous material, after core extraction ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)), limiting the study of recent snow layers. Alternatively, ice core records from low-latitude or northern midlatitude glaciers potentially offer much better constraints of historical changes in oceanic inorganic iodine emission/deposition, since they are predominantly affected by the globally dominant sea surface emission rather than local sea ice processes and, because of high snow accumulation rates, may be less affected by postdepositional volatilization of iodine. Here we show ice core data from the Col du Dome (CDD) site, an area characterized by very high net snow accumulation rate ranging from 0.50 m to ∼2.40 m water equivalent per year (mwe⋅y^−1^) ([@r23]) such that the firn−ice transition (i.e., density of 0.83 g⋅cm^−3^) corresponds to an age of just 15 y to 18 y before the year of collection. For comparison, the firn−ice transition at the Summit site in central Greenland where the snow accumulation rate is of 0.22 mwe⋅y^−1^ ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)) corresponds to an age of 220 y.

We developed a seasonally resolved, northern midlatitude ice core record of iodine from 1890 to 2000 from ice cores extracted from a cold, high elevation (4,250 m) site at CDD in the French Alps. We used this record, as well as simulations using the GEOS-Chem chemistry transport model, to investigate past atmospheric iodine concentrations and changes in atmospheric speciation and deposition over Europe. Because of the volatility of iodine, we also considered the potential impacts of postdepositional losses from the snow on the ice core iodine record.

Results and Discussion {#s1}
======================

Mean summer and winter iodine concentrations measured in the CDD ice from 1890 to 2000 during the 20th century ([Fig. 1*A*](#fig01){ref-type="fig"}) show substantial increases, especially in the summer months. The summer iodine record is characterized by two distinct time periods, with relatively constant summer concentrations from 1890 to 1950 (0.025 ± 0.01 ng⋅g^−1^), followed by a steady increase after 1950, with concentrations reaching 0.16 ± 0.05 ng⋅g^−1^ after 1995. In contrast, the long-term winter trend is less pronounced, with concentrations close to 0.02 ± 0.01 ng⋅g^−1^ from 1890 to 1950, 0.03 ± 0.01 ng⋅g^−1^ between 1950 and 1970, and 0.05 ± 0.02 ng⋅g^−1^ between 1970 and 1995.

![(*A*) Time series of iodine in Col du Dome ice core in summer (red) and winter (blue). Dots are yearly values; solid lines are the first component of a single spectra analysis with a 7-y time window (summer) and robust spline (winter). Vertical bars show the modeled mean deposition for summer (brown) and winter (purple) for 1850 (shown at 1890), 1950, 1980, 1995, and 2005. The dashes and arrow on the bars show the deposition of inorganic iodine minus HOI (lower dash) and minus half of HOI deposition (middle dash), and the total (top arrow). (*B* and *C*) Modeled seasonality of surface iodine species mixing ratio in 1850 (PI) and 2005 (PD); other iodine is composed of HI, I~2~, I~x~O~y~, IBr, ICl, IONO, and aerosol phase iodine. (*D* and *E*) Modeled seasonality of iodine species deposition. (*F*--*H*) Seasonal cycle of iodine measured in the CDD ice cores averaged for three time periods: 1930--1950, 1965--1980, and 1980--1995. Outlier values in winter 1994/1995 were not considered, as well as values observed in the 1948 summer layers ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). Data obtained in firn layers were also not considered ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)).](pnas.1809867115fig01){#fig01}

Due to an accumulation surplus by drifting snow at the drill site located at the saddle and wind snow erosion upstream of the drill site, a decrease with depth of the net snow accumulation was observed in the CDD ice cores ([*SI Appendix*, Fig. S3*C*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). Such changes with depth may possibly induce a nonatmospheric effect in the iodine ice record. Indeed, consistent with the high volatility of some of the iodine species (HOI), iodine concentrations in ice were found to be dependent on the annual snowfall rate, particularly at sites with low snowfall rates ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). To distinguish changes in atmospheric iodine levels through time from potential effects of changing snow deposition rate, we examined the CDD ice record of iodine for different ranges of annual ice layer thickness (ILT). This careful examination of the CDD ice record covering the years 1890--1950 suggests a small postdepositional effect on iodine concentrations ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). Nevertheless, we estimate that, between 1890 and 1950, the summer iodine deposition in the ice increased by 0.01 ng⋅g^−1^ to 0.02 ng⋅g^−1^ from early 1890 to around 1905. This was followed by a decrease of 0.01 ng⋅g^−1^ to 0.02 ng⋅g^−1^ from the early to late 1930s ([*SI Appendix*, Fig. S4*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). Although coal burning in Europe and the practice of kelp burning used by the iodine industry along the west coast of Europe ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)) emit iodine into the atmosphere, these two sources are significantly weaker than oceanic emissions, and we estimate that their contribution to iodine concentrations in the CDD ice are limited to 0.02 ng⋅g^−1^ ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). The small decrease of iodine between 1930 and 1945 may be related to the reduction of these two emission sources during World War II.

Annual ILT in the CDD record increased in the late 20th century, from 0.5 mwe between 1930 and 1950 to 1.5 mwe between 1965 and 1980, potentially contributing to the concurrent increases in iodine concentrations. To accurately quantify changes in atmospheric iodine after 1950, summer iodine levels were separated into two sets based on their respective annual thickness (ILT \< 1.5 mwe and ILT \> 1.5 mwe) ([*SI Appendix*, Fig. S4*A*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). From this analysis, we conclude ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)) that, even though part of the observed trend may be attributed to changing snow deposition conditions, the CDD record suggests an increasing trend in summer atmospheric iodine of at least a factor of 3 from 1950 to 1995. In contrast, wintertime iodine levels increased by only a factor of 2 over the same period ([Fig. 1*A*](#fig01){ref-type="fig"}). Whereas kelp burning ceased after 1950, before 1965, coal consumption in Western Europe remained similar to that in 1930 and dropped in the 1990s ([*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). Since the iodine content is 4 times lower in petroleum than in coal, it can be concluded that fossil fuel burning did not significantly contribute to the observed increase of iodine in the CDD summer layers between 1950 and 2000. The iodine trends seen in the Alps may therefore mainly reflect change in iodine emissions from oceanic regions located offshore Western Europe.

We simulate global tropospheric iodine chemistry using the GEOS-Chem chemical transport model ([@r15]) ([*Materials and Methods*](#s2){ref-type="sec"}). This considers both organic and inorganic iodine emissions, photochemical and heterogeneous iodine chemistry, and deposition. GEOS-Chem simulations show that Western Europe (notably the Mediterranean) represents a region where oceanic iodine emissions are particularly strong and the change from PI to present day (PD) is expected to be very significant ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). Overlaid on the summer and winter time series of iodine concentrations in [Fig. 1*A*](#fig01){ref-type="fig"} are model simulations of summer and winter iodine deposition for the CDD grid box run with emissions appropriate for the PI era (1850), 1950, 1980, 1995, and for the PD (2005) ([@r24]) ([*Materials and Methods*](#s2){ref-type="sec"}). It is not possible to directly compare modeled atmospheric iodine deposition rates with the concentration of iodine within the CDD ice because of uncertainties associated with annual precipitation, snow accumulation in complex mountain glaciers, and the relatively coarse resolution of the model (250 km × 200 km). Nevertheless, we consider that the long-term trends in iodine concentration at CDD should be associated with long-term trends in iodine deposition and are mutually influenced by changes in iodine emissions as well as atmospheric iodine concentrations and speciation.

If we assume that all of the deposited iodine (predominantly HOI, IONO~2~, iodine aerosol, HI, and IO) remains in the ice, the model shows an increase of 70% in the summertime from the PI to the PD (0.79 × 10^−13^ kg⋅m^2^⋅s^−1^ to 1.33 × 10^−13^ kg⋅m^2^⋅s^−1^). However, given the low Henry's law constant of HOI, it may revolatilize from the snow after deposition. If we assume that half the deposited HOI undergoes postdepositional release and so only include half the simulated HOI deposition in the total calculated deposition, we calculate a larger increase of approximately a factor of 2 in net deposited iodine from the PI to the PD (0.60 × 10^−13^ kg⋅m^2^⋅s^−1^ to 1.18 × 10^−13^ kg⋅m^2^⋅s^−1^). This increases further to a factor of 2.5 (0.42 × 10^−13^ kg⋅m^2^⋅s^−1^ to 1.04 × 10^−13^ kg⋅m^2^⋅s^−1^) if all of the deposited HOI is revolatilized. It is notable that, even with the imposed upper limit of postdepositional release of HOI, the model simulates a lower increase in summertime deposition over the 20th century than observed ([Fig. 1*A*](#fig01){ref-type="fig"}).

This increase from the PI to the PD iodine deposition could be driven by increases in iodine emissions, changes in atmospheric iodine speciation and hence lifetime against deposition, or changes in precipitation. Long-term variations of precipitation in the Alps do not reveal significant trends over the 20th century ([@r25]). The modeled annual oceanic iodine emissions in the nearby Atlantic and Mediterranean regions (defined by the region shown in [Fig. 2](#fig02){ref-type="fig"}), however, more than double (2.2) (from 18.7 Gg⋅y^−1^ to 40.1 Gg⋅y^−1^) between the PI and PD ([Fig. 2](#fig02){ref-type="fig"}), reflecting increases in the simulated O~3~ concentrations; the tropospheric ozone burden increases from 235 Tg (O~3~) in the PI to 321 Tg (O~3~) in the PD, generally consistent with other models ([@r26]). The simulated tropospheric ozone increase from the PI to the PD, which mainly results from increased anthropogenic NO~x~ emissions, has been shown to be reduced by ∼25% when enhanced ozone destruction due to increased atmospheric halogen concentrations, including iodine, is accounted for ([@r7]).

![Modeled percentage change between PI (1850) and PD (2005) changes in December and July (*A* and *D*) iodine emissions, (*B* and *E*) surface inorganic iodine concentrations, and (*C* and *F*) inorganic iodine deposition. Concentric green circles give the location of CDD.](pnas.1809867115fig02){#fig02}

To estimate the impact of increasing ocean emissions alone on iodine deposition at CDD, we ran the model for the PD using archived PI I~2~ and HOI emissions (see [*Materials and Methods*](#s2){ref-type="sec"} and [*SI Appendix*, Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). We find that PD annual mean iodine deposition almost doubles (1.85 regardless of HOI volatilization assumption) using the PD iodine emissions rather than the PI iodine emissions. [Fig. 1 *B* and *C*](#fig01){ref-type="fig"} shows that, despite this increased ocean source, the model calculates a marginally lower total atmospheric inorganic iodine (I~y~) concentrations at the site in the PD \[annual mean of 0.37 part per trillion by volume (pptv)\] than the PI (0.39 pptv). The reason for the decreased atmospheric abundance is a change in iodine speciation from being predominantly HOI in the PI to the more water-soluble IONO~2~ in the PD ([Fig. 1*B*](#fig01){ref-type="fig"}). As IONO~2~ is more soluble, this decreases the atmospheric lifetime of I~y~ and so leads to lower I~y~ concentrations over much of Europe ([Fig. 2 *B* and *E*](#fig02){ref-type="fig"}). The large change in European anthropogenic NO~x~ emissions after 1950 ([@r24]), as clearly reflected in the increasing trends of nitrate in CDD ice ([*SI Appendix*, Fig. S3*B*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)), is responsible for this increased fraction of iodine as IONO~2~ rather than HOI. This shortening of the lifetime also leads to increased deposition at CDD in the PD because of the higher solubility of IONO~2~ ([Figs. 1 *D* and *E*](#fig01){ref-type="fig"} and [2 *C* and *F*](#fig02){ref-type="fig"}). At CDD, these two opposing factors approximately cancel (the change in atmospheric composition reduces the deposition at CDD by ∼3%), such that oceanic emission increases are the predominant driver of the summertime increases in iodine deposition at CDD. These deposition changes are coupled in complex ways to a change in iodine speciation over Europe due to growing nitrogen oxide emissions. At other sites, however, the modeled change in composition has a much larger influence. Thus, we suggest that oceanic emission increases are the main driver of the summertime increases in iodine deposition at CDD, although these are coupled in complex ways to a change in iodine speciation over Europe due to growing nitrogen oxide emissions. Other locations will respond to these changes in different ways ([Fig. 2](#fig02){ref-type="fig"}). Significant uncertainties remain in atmospheric iodine photokinetics ([@r15]), which may influence this partitioning.

The modeled seasonal cycles in iodine deposition ([Fig. 1 *D* and *E*](#fig01){ref-type="fig"}) in the PI and PD show very similar features to the observed seasonal cycles in the ice core ([Fig. 1 *F--H*](#fig01){ref-type="fig"}), which also are characterized by a summer maximum that has increased in amplitude over the 20th century: from 1.3 (summer/winter iodine concentration) between 1930 and 1950 to ∼1.9 between 1980 and 1995. Our model results show that the seasonal cycle is due to (*i*) elevated summertime iodine emissions due to higher ozone concentrations in the summer, (*ii*) a shorter atmospheric iodine lifetime in the winter months due to IONO~2~ comprising a higher proportion of total I~y~ in winter, which has become more pronounced in the PD, and (*iii*) more precipitation in the summer months compared with winter.

The model's underestimate of the increase in the iodine deposition at CDD (1.7 to 2.5, depending on the HOI assumption compared with a measured change of 3) between the PI and PD may be due to an underestimate in the PI to PD change of surface O~3~. This has been discussed previously, both based on very early (19th century) measurements ([@r27]) and more recent (1960 to PD) data ([@r17]); however, more recent analysis suggests sampling bias may explain some of the differences ([@r28]). A comparison between the 19th century O~3~ observations and the model ([*SI Appendix*, Fig. S8](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)) shows that the model overestimates these observations by roughly 50%. A model simulation that reduces the PI ocean iodine flux by 50%, consistent with a model overestimate of surface ozone concentration in the PI by a factor of 2, leads to a lower PI iodine deposition and thus a larger fractional change between the PI and PD. This gives an increase in the summer iodine deposition in the range 2.6 to 3.6 (depending on assumptions regarding HOI volatilization), which would make the model consistent with observations.

In [Fig. 2](#fig02){ref-type="fig"}, we show modeled changes in iodine emissions, surface atmospheric iodine mixing ratio, and deposition of total atmospheric iodine between the PI and PD over Europe for December and July. Ocean iodine emissions increase significantly between the PI and the PD, and the anthropogenically driven spring/summer maximum in O~3~ in the region leads to a larger increase in ocean emissions in the summer months than in the winter ([Fig. 2 *A* and *D*](#fig02){ref-type="fig"}). Close to the coast, surface I~y~ concentrations increase to reflect this increase in the source ([Fig. 2 *B* and *E*](#fig02){ref-type="fig"}). However, atmospheric iodine mixing ratios over land have increased significantly less than emissions and, in many regions, have decreased because of enhanced NO~2~ concentrations that promote formation of IONO~2~ and shorten the depositional lifetime of atmospheric iodine over the land. However, the shorter depositional lifetime results in more efficient deposition of the available I~y~, and so overall deposition fluxes increase over the Alps consistent with the observations. In some locations (northern Europe in the winter, Ukraine in the summer), deposition of I~y~ has reduced from the PI to the PD due to this change in I~y~ speciation from HOI to IONO~2~.

This study of an 1890--2000 ice core record of iodine extracted for the first time from a northern midlatitude glacier reveals an increase in iodine concentrations from the early 1950s to the beginning of the mid-1990s. After carefully considering possible biases induced by postdepositional losses of these volatile species from the snow and taking advantage of the very high snow accumulation rate at this Alpine site, we find that, whereas only small changes were detected before 1950, potentially partly due to changes in kelp burning and coal burning emissions, atmospheric iodine deposition over the Alps (and potentially more widely) increased from 1950 to 1995 by about a factor of 2 in winter and a factor of at least 3 in summer. GEOS-Chem simulations show that Western Europe represents a unique region where oceanic iodine emissions are particularly strong and the change from PI to PD is expected to be very significant ([*SI Appendix*, Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). We attribute the marked increase in iodine deposition over the 20th century to inorganic iodine emissions from the Atlantic Ocean and Mediterranean Sea that have grown in response to enhanced surface ozone concentrations arising from increased NO~x~ emissions, alongside an enhanced contribution of the very water-soluble IONO~2~ species following growing anthropogenic NO~x~ emissions, that leads to more efficient iodine scavenging into the snow/ice. We note that the model PD deposition is 170% of the PI deposition if HOI is considered involatile and 250% if it is not, both less than observations in the ice core. Surface ozone concentrations in the PI significantly lower than those modeled would reconcile the model and measured changes in iodine deposition. Overall, this study identifies and attributes an increase in iodine deposition over Western Europe, including the Alps where iodine deficiency was first recognized, likely leading to enhanced iodine content in water, soils, and vegetation during the latter half of the 20th century.

Materials and Methods {#s2}
=====================

Site, Ice Core Dating, and Methods. {#s3}
-----------------------------------

Chemical measurements were made on two ice cores extracted at the CDD site (45°50′N, 6°50′E, 4,250 m above sea level) located in the French Alps. The first core (denoted C10, 126 m long) was drilled in 1994, and the second core (denoted CDM, 140 m long), extracted less than 20 m away from the C10, was drilled in 2012. As discussed in [*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental), iodine can escape from the firn (a porous material with a density of \<0.83 g⋅cm^−3^) after core extraction either during storage or melting of samples before analysis. Therefore, we restricted iodine analysis to parts of the cores with a density of \>0.70 g⋅cm^−3^ (i.e., ice and dense firn). The CDD site area is characterized by a very high net snow accumulation rate ranging from 0.50 mwe⋅y^−1^ to ∼2.40 mwe⋅y^−1^ ([@r23]) so the firn−ice transition (i.e., density of 0.83 g⋅cm^−3^) corresponds to an age of just 15 y to 18 y before the year of collection. The quality of data obtained in the dense firn layers (density ranging from 0.70 g⋅cm^−3^ to 0.83 g⋅cm^−3^) is discussed in [*SI Appendix*](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental).

The entire C10 core was investigated previously by subsampling pieces of firn and ice with subsequent analysis by ion chromatography (IC) at the Institut des Géosciences de l'Environnement, permitting investigations of long-term trends of sulfate ([@r29]), nitrate ([@r30]), and ammonium ([@r31]). In this study, the dense firn/ice part of the C10 core (i.e., from 42.9 m to 125.7 m depth) was analyzed using a continuous analytical system at the Desert Research Institute (DRI) Ultra Trace Chemistry Laboratory. To extend the time period covered by dense firn/ice (up to 1985 at 43 m depth in the C10 core) to more recent years, the upper ice section of the CDM core (from 45.4 m to 86.7 m depth) covering the 1979--1999 time period also was analyzed using the DRI continuous system.

Longitudinal samples of ice core (cross-sectional area of 3.3 cm × 3.3 cm) were melted sequentially, with the meltwater stream split into three regions. Iodine and sulfur were measured in the meltwater from the innermost ring (10% of the sample cross-section) by inductively coupled plasma−mass spectrometers \[Thermo Scientific Element 2 high resolution with a concentric Teflon nebulizer (electrospray ionization)\] ([@r32]). Elemental measurements were made on the ultraclean sample stream, with ultrapure nitric acid added immediately after the melter plate to yield an acid concentration of ∼1%. Meltwater from the middle ring was used for traditional continuous flow measurements of nitrate and ammonium ([@r33], [@r34]). Effective depth resolution differs between the instruments in the analytical system and operating parameters, but, in this study, was estimated to be ∼ 0.02 m for I, with all measurements exactly coregistered in depth. The detection limit (defined as 3 times the SD of the blank) was 0.003 ng⋅g^−1^ for I. Among species that were coanalyzed, we used a few ancillary data on bromine and lead concentrations for which detection limits are of 0.06 and 0.0006 ng⋅g^−1^, respectively. Noncrustal or excess lead (Pb~ex~) was calculated from measured total lead following standard procedures ([@r35]) using a Ce/Pb crustal ratio of 83/19 ([@r36]). As shown in [*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental), the agreement between IC and continuous measurements on the C10 core was excellent for ammonium, nitrate, and sulfate.

Dating of the CDD cores was established by counting annual layers along the ammonium profile ([@r23]) characterized in Alpine snow by midwinter concentration minima ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1809867115/-/DCSupplemental)). On this basis and using reference horizons (the 1963 tritium or ^137^Cs bomb peak; the dust horizons of 1977, 1947, and 1936), the date of 1920 ± 5 y was attributed to the 118-m depth (i.e., 90 mwe) in the C10 core down ([@r23]). Further investigations conducted on fluoride levels showed a well-marked increase from 0.3 ng⋅g^−1^ in 1930 to 1.4 ng⋅g^−1^ in 1940, coinciding well with historical emissions related to development of the aluminum industry in Western Europe before the Second World War ([@r37]). Therefore, when reexamining the dating in light of new information provided by the Pb profile (see below), we did not change the dating back to 1935. We extended the dating to 1890 by using the distinct 1890 increases in heavy metal (noncrustal lead, cadmium, thallium) concentrations associated with widespread coal burning during the early Industrial Revolution. Such increases are clear in well-dated Greenland ice cores ([@r38]). The 1890 tie point was used as a constraint to extend annual layer counting to 1890. Before 1890, our continuous measurements indicated that no winter snow was preserved, consistent with understanding of upstream deposition processes. From that, we obtained an ice core CDD record covering the time period from 1890 through 1982 in the C10 core and from 1982 to 1999 in the CDM core.

GEOS-Chem Model Description and Simulations. {#s4}
--------------------------------------------

The simulations of tropospheric iodine chemistry use the GEOS-Chem chemical transport model ([www.geos-chem.org/](http://www.geos-chem.org/), v10-01), updated with the halogen chemistry, emissions, and deposition ([@r15]). Inorganic iodine emissions are based on the ozone ocean−iodide relationship from Carpenter et al. ([@r14]), with ocean iodide concentrations calculated from the parameterizations of MacDonald et al. ([@r39]). Organic iodine emissions are from Ordóñez et al. ([@r40]). Each simulation was run for 2 y (2004--2006), driven by meteorology from the NASA Goddard Modeling and Assimilation Office GEOS-5 archive and discarding the first year as a spin-up. The simulations for the PD (2005) and PI (1850) were run at 2° × 2.5° horizontal resolution, with the latter reducing methane concentration to 700 pptv, removing the anthropogenic contribution to bromine and chlorine emissions following Sherwen et al. ([@r7]), using historical Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) anthropogenic emissions ([@r24]). The simulations for 1950, 1980, and 1995 were run at a horizontal resolution of 4° × 5° and used the ACCMIP anthropogenic and biomass burning emissions ([@r24]) and fixed surface methane concentrations based on observations for a given year ([@r41]). Other emissions fluxes are the same in all simulations, including biogenic VOCs ([@r42]), soil NO~x~ ([@r43]), lightning ([@r44]), and stratospheric sources ([@r44]). Two additional sensitivity simulations were performed at a resolution of 4° × 5°: (*i*) PD simulation (2005) where the online (driven by the ozone concentration) HOI and I~2~ emissions where replaced by monthly mean emissions fluxes from the 4° × 5° resolution PI simulation, and (*ii*) PI (1850) but with the online parameterization of HOI and I~2~ emissions ([@r14]) provided with the half the modeled value of surface ozone at any time step to simulate the impact of potentially lower O~3~ concentrations than are simulated ([@r17], [@r27]). When evaluating the impact of postdepositional HOI loss, the same simulation is used, but the diagnosed total I deposition only includes half or none of the HOI deposition.
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